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CHAPTER II. POLARIZATION ELECTROOPTICAL AMPLITUDE MODULATOR 
[Glava II. Polyarizatsionnyc amplitudnye elekroonticheskie modulyatory] 

At the present time purely phase modulation methods are not being widely used because 
of significant problems connected with the technique of phase-modulated signals in the optical 
range. The conversion of phase modulation to amplitude modulation has proven to be more 
convenient, since the technique of amplitude-modulated signals is simpler. 

All of the known methods of converting phase modulation to amplitude modulation can 
be divided into two groups: double beam and multibeam. Double beam converters can be of two 
types: polarization converters and double beam interferometers; multibeam converters, on the 
other hand, are represented by multibeam interference and diffraction devices. 

L Principle of action of polarization modulators 

The principle of action of a polarization modulator of optical radiation is as follows. A 
phase cell is placed between two polarization devices, the principal planes of which are crossed 
and make some angle with the characteristic directions of the axes of the electrooptical crystal. 

In the absence of a controlling field radiation does not pass through such a system. The 
presence of birefringence arising upon application of a controlling field leads to the appearance 
of a phase difference between the ordinary and extraordinary rays, which leads to conversion of 
the plane-polarized light to elliptically polarized light. If the phase difference of the rays is equal 
to 7i, the light flux passing through such a device will be maximum. 

To find the dependence of the light flux passing through the modulator on the magnitude 
of the controlling voltage, we introduce a simplified mathematical analysis of the phenomenon. 
The ordinary (A G ) and extraordinary (A e ) rays that have passed through such a modulator can be 
represented in the following form: 

A» = i4 m sin<psin (q> + o|>)sin (co/ + 0/2), 

A e = A m cos 9 cos (q> + i|>) sin (o>Z — 0/2), (2.1) 

where A m is the amplitude value of the vector of the linearly polarized optical radiation; <I> is the 
phase of the optical radiation; $ is the angle between the plane of polarization of the polarizer 
and the axis of the ellipse of polarization; \j/ is the angle between the planes of the polarizer and 
the analyzer. 

It is evident that the intensity of the passed radiation will be 




(2.2) 



Key: 1 



where I and Io are the intensity of radiation at the outlet and inlet of the modulator, respectively. 

In practice two cases are encountered the most frequently: 1) \j/ = 90° and = 45°; 2) \\f = 
0and(J> = 45°. 

The modulation characteristic in the first instance has the form 



Before moving to the discussion of specific designs of electrooptical amplitude 
modulators, let us briefly discuss the polarization devices that are used in such modulators. There 
are four phenomena that can be used to create polarization elements: dichroism, birefringence, 
reflection and scattering. 

Polarizers that use the phenomenon of dichroism (polaroids) and birefringence are the 
most important. A dichroic polarizer preferentially passes only one form of polarization and 
absorbs the orthogonal form. A typical birefringent polarizer consists of two calcite prisms 
cemented together (Nicol prisms), which split the incident ray into two components with 
orthogonal polarizations; one of the components passes through without a change of direction, 
but the second undergoes complete internal reflection. A large number of different polarizers that 
utilize the phenomenon of birefringence: Ahrens, Wollaston, Rochon, Glan-Foucault prisms, and 
others. 

2. Basic schemes of polarization electrooptical modulators 

The simplest construction of a polarization electrooptical amplitude modulator is a phase 
cell of any of the types discussed in the first chapter, which is placed between crossed polaroids 
(Figure 13). 



~ = sin 2 CP/2, 



(2.3) 



and in the latter instance it has the formula 



4- = cos 2 0>/2. 



(2.4) 
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Figure 13. Simple polarization amplitude modulator: 
1 — optical radiation; 2 — polarizer; 3 — phase shifter; 4 — electrodes; 5 — electrooptical crystal; 
6 — analyzer. 



The amplitude characteristic of such a modulator can be calculated by formula (2.3). 
Amplitude modulators in which phase cells of longitudinal geometry with crystals of type KDP 
and ADP (class D2d) are used have been studied the most thoroughly. In this case the amplitude 
characteristic of the modulator has the following form (see Chapter I): 

— = sin 3 - — (2.5) 

where V is the controlling voltage (V = V m cos (O m t) and V 0 is a parameter that is dependent on 
the electrooptical characteristics of the crystal and that has the sense of the half-wave voltage 

v — ^ 

Figure 14 shows the modulation characteristic of such a modulator. Here the phase shift 
cj> = 71 (V m /Vo) is plotted on the x axis and the ratio of intensities of the light flux at the inlet and 
outlet of the modulator I/Io is plotted on the y axis. The graphic structure of the signal at the 
outlet of the modulator with and without a shift of phase is shown in this figure. 

Analysis of modulation characteristic (2.5) and Figure 14, a show that quadratic 
modulation is accomplished in the absence of a shift. In the case of a harmonic controlling 
voltage the frequency spectrum of the outlet signal contains only even harmonics [38] 

2 77 = 7 ° [ n T^) + 2 2 J tp [ n T~j cos 2^, (2.6) 

where J p (z) are Bessel functions of pth order; Vx/2 is the half-wave shift. 

Figure 14, b shows an example of the graphic pilot of the outlet signal in operation of the 
modulator in the linear segment. The linear segment can be reached if a phase shifter is added in 
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the space between the polarizers in addition to the phase cell. The phase shifter introduces a 
time-independent phase shift <£> 0 into characteristic (2.5), as a result of which we have 




Figure 14. Modulation characteristic of polarization modulator: 
a — without phase shift; b — with phase shift 

Key: 1 a 
2 b 

Usually the phase shifter is made of thin mica plates. Mica is an anisotropic medium and 
therefore two mutually orthogonal optical waves propagate in the phase shifter, as in the 
modulator itself. The mica plate is oriented so that polarizations of waves in the phase shifter 
coincide with the corresponding polarizations in the modulator. A working point corresponding 
to the initial phase equal to 7i/2 (O 0 = n/2) is used most often; the phase shifter in this case is 
called a A/4 plate. 

The modulation of radiation accomplished at the initial shift O 0 = 7i/2 is linear and the 
frequency spectrum of the outlet signal in this case contains only odd harmonics 




The phase shift introduced by the phase shifter determines the working point on the modulation 
characteristic. By choosing a mica plate of appropriate thickness one can specify the working 
point. 
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Figure 15. Polarization modulator with cell of transverse geometry: 
1 — optical radiation; 2 — polarizer; 3 — electrodes; 4 — electrooptical crystals; 5-analyzer 

Along with "longitudinal" phase cells, "transverse" phase cells, which were discussed in 
the first chapter, can also be used in amplitude modulators. A schematic drawing of one such 
modulator is shown in Figure 15. A low frequency transverse phase cell consisting of an 
electrooptical crystal placed between two electrodes, to which a controlling voltage is supplied, 
is used in this modulator; here the crystal is oriented so that the controlling field is applied along 
the Z axis. Let us note that if the electrooptical medium is isotropic then this orientation of the 
crystal is not unique. Light in such a modulator propagates along the X' (or Y') axis, while the 
plane of polarization makes an angle of 45° with the Y* (or X) and Z axes. 

Using the formula given in the first chapter it is easy to find the amplitude characteristic 
of such a modulator 



Key: 1 Where 

Here, as before, d is the distance between the electrodes; 1 is the length of the phase cell; V 0 is a 
parameter that is dependent on the electrooptical characteristics of the crystal that is used. The 
constant phase shift that goes into expression (2.9) is dependent on the natural anisotropy of the 
medium and is expressed by the formula 



The natural anisotropy has a significant effect on the operation of the modulator. It can be 
shown that the anisotropy of the medium imposes certain (fairly stringent) restrictions on the 




(2.9) 



<D 0 — 2rt-r- (n e — n,). 
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permissible angle of divergence of the beam. In the case of amplitude modulation with crystals 
of class Di d (dihydrophosphates) these restrictions prove to be so stringent that in most cases 
they make the use of this scheme practically impossible. Let us note that this restriction is absent 
when crystals of the cubic glass are used as the electrooptical medium in a phase cell, since in 
this case n e - no = 0 and 3>o = 0. 




Figure 16. Modulator with compensated natural anisotropy: 
1 — optical radiation; 2 — polarizer; 3,4 — phase cells; 5-analyzer 



However, the effect of natural anisotropy can be eliminated to a significant degree if one 
uses two "transverse" phase cells rotated relative to each other [39] as shown in Figure 16. In the 
first crystal the ray passes along the X' axis, while in the second it passes along the Y' axis. The 
radiation is polarized at an angle of 45° to the Y f axis of the first crystal. 

Upon passage of the Y f component through the first crystal the light polarization 
undergoes a change of phase by a magnitude 

and the component along the Z axis undergoes a change by the magnitude 

Upon passage through the second crystal the changes of the components of polarization are 
correspondingly equal to 

0^ = 2rt ~ h 

The complete change of phase of the components parallel to the Y' and Z axes of the first crystal 
is 
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(D 2 = <CV + <D Z = 2« -| K' + n *)- ( 2A °) 
The difference of phases between these components of the radiation is 

CD = 0! — 0 2 = 2rt (n X ' — n/). (2.11) 

In the absence of an electric field n X ' = ny and <1> = 0, and therefore the polarization of an 
entering ray does not change. Upon application of an electric field along the Z axis there will be 
a change of phase 

(D = Jt 



V 

Here the magnitude of the voltage needed to rotate the plane of polarization by 90° in this case 
will be to equal to 

The increased interest in modulators with "transverse" geometry, as was already noted in 
Chapter I, is connected with the possibility of reducing the required magnitude of the voltage of 
the modulating signal by a factor of 21/d in them. It can be seen from Table 1 that V 0 for most 
substances is equal to several kilovolts and higher. For example, in the case of modulation with 
KDP even with depth of 5% the modulating voltage must be on the order of 750 V. 

The substantial voltages needed for modulation lead to a significant increase of weight of 
electronic equipment and makes it less economical. Therefore, long modulators with "transverse" 
geometry, in which the voltage is reduced by a factor of 21/d when compared with "longitudinal" 
modulators are very promising. 

Amplitude modulators with a simple polarization converter can operate by using any of 
the phase cells described in the previous chapter. Thus, besides standing wave modulators, 
modulators with a multielement phase cell are in use [31,32], as well as traveling wave 
amplitude modulators [40]. A transverse cell and anisotropy compensation are used in this 
modulator. The traveling wave is established with the aid of a strip line in the electrooptical 
medium. Here, in order to avoid rotation of the second crystal, an anisotropic X/2 plate is used. 

3. Modulators with circular polarizers 

The following group of modulating devices consists of devices in which circular 
polarizers are used [8]. The simplest scheme of such a modulator is shown in Figure 17, a. This 
modulator differs from the modulator shown in Figure 13 by an additional A74 phase plate. The 
combination of a linear polarizer with a X/4 plate oriented so that the X' and Y' axes of the phase 
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plate make an angle of 45° with the plane of polarization of the polarizer is a circular polarizer. 
In this case if polaroid 1 and plate 2 form a left-handed polarizer, then plate 4 and polarizer 5 
must represent a right-handed polarizer. 



Figure 17. Modulators with circular polarizers: 
a — modulator with working point fixed at nil; b — single pole modulator with carrier suppression: 
1 — optical radiation; 2,6 — linear polarizer; 3,5-^/4 plates; 4,4' — electrooptical crystals. 

If the phase cell is placed between left-handed and right-handed polarizers, then, 
independent of its orientation, the modulation characteristic of such a device will have the form 



where <|>o is the constant phase shift introduced by the crystal. 

A variation of such modulators is the "single-pole" optical modulator [41,42], a scheme 
of which is shown in Figure 17, b. 

The single-pole modulator differs from the modulator in Figure 17, a in that an additional 
phase cell that is completely like the first cell is added to it. Radiation in such a modulator 
propagates along the Zi and Z2 axes of the first and second cells, respectively. The mutual 
orientation of the cells is such that like axes, for example the X'i and X' 2 axes, make an angle of 
45°. The modulating voltage supplied to the second cell is shifted by nil relative to the phase of 
the voltage of the first cell. This scheme is an optical analog of single-pole modulation circuits 
with carrier suppression that are used in radio technology. 

4. Optical bunchers 

Before beginning the discussion of certain more complicated schemes of electrooptical 
amplitude modulators, let us discuss optical devices for "bunching" radiations, which in a 
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number of cases make it possible to improve the characteristics of modulators. The process of 
"bunching" radiation at the outlet of the modulating device consists of using both components of 
a light bundle with orthogonal polarizations. 

In the polarization converters with dichroic polaroids that were discussed above the 
component of the light pencil with transverse polarization is absorbed by a polaroid, which leads 
to a 50% loss of the light energy. In polarization converters that use Nicol prisms (or other 
polarization devices whose effect is based on the use of birefringent crystals), this component of 
radiation is spatially separated from the main ray and diverted. The component that is diverted 
proves to be modulated according to the law 



It is evident from these formulas that the average (over the period of the modulating signal) 
intensity of each of the rays is 50% of the total intensity. In a number of cases, especially in the 
operation of a modulator in communications lines that are intended for transmission of 
information over significant distances, such losses of intensity are undesirable. 

Below are presented some schemes that make it possible to avoid these losses of 
intensity, i.e., that allow the intensity of the modulated ray to be doubled. A certain shortcoming 
of such schemes is the fact that, while there is a gain in intensity, one must accept a narrowing of 
the band of transmittable frequencies, since ideal tuning of the light delay lines or bunchers 
discussed below can be achieved only for a certain frequency of the modulating signal. 




while the main component is modulated according to the law 
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Figure 18. Optical radiation bunchers: 
a — buncher using natural anisotropy; b — buncher with two Nicol prisms: 1 — optical radiation; 
2 — polarizer; 3 — phase cell; 4,4' — anisotropic crystal; 5 — medium with high refractive index; 
6,6' — Nicol prisms; 7,7' — mirrors. 

Key: 1 a 
2 b 



Figure 18, a shows the scheme of an electrooptical modulator in which the analyzer is a 
crystal with strong birefringence cut so that the directions of propagation of the ordinary and 
extraordinary rays do not coincide. CaC0 3 (n 0 - n e = 0.162) and NaN0 3 (n e - n 0 = 0.23) turn out 
to be the most suitable for these purposes. The use of such crystals allows spatial separation of 
rays with orthogonal polarizations. A ray with transverse polarization I 2 passes through the 
medium with high refractive index and is delayed relative to the ray with parallel polarization by 
time td. 

If the time of delay t d is chosen so that 

£-(2p + l), (2.12) 

m 

( where p is an arbitrary integer), i.e., it corresponds to delay by an odd number of half periods of 
the modulating voltage, then after addition of rays, which is accomplished with the aid of a 
second birefringent crystal that is identical to the first, there will appear at the outlet of the 
modulator a modulated light beam with average intensity equal to 1. With accuracy up to the 
negligible phase shift constant we obtain in this case [43] 



JL 



= 1 



sin 



fn V m i n © \ -i 



where (Oo m is the central frequency to which the buncher is tuned. 
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Figure 19. Amplitude modulator of naturally polarized radiation: 
1 — optical radiation; 2,2' — birefringent crystals; 3 — phase cell 
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Figure 18, b shows a somewhat different scheme for bunching radiation, in which the 
analyzer has been replaced by a device consisting of two Nicol prisms and two mirrors. The time 
delay td develops here because of the different path lengths of the rays of light in the bunching 
device. 

An amplitude modulator of naturally polarized light should be considered to be a unique 
variation of the bunching schemes [44]. This modulator is shown in Figure 19. As is known, in a 
naturally polarized ray all directions of the polarization vector of the light wave are equally 
probable and therefore a dichroic polarizer will absorb at least half of the radiation striking it. To 
avoid these losses, one can use a birefringent crystal in place of a dichroic polarizer and dichroic 
analyzer. After passing through this crystal, rays with mutually orthogonal polarization 
propagate through one and the same phase electrooptical modulator, and then are partially shifted 
by the outlet birefringent crystal. Like characteristic axes of the birefringent crystals are situated 
in parallel, and therefore at the outlet components modulated according to the same law are 
shifted (for example I/Io = sin 2 4>/2), and the average intensity of the outlet ray over time will be 
0.5To instead of 0.25Tq in the ordinary case with dichroic polarizers. 
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Figure 20. Buncher of optical radiation with uniaxial crystal: 
1 — polarizer; 2 — phase cell; 3 — uniaxial crystal 



In the construction of light bunchers one can use birefringence directly to produce the 
"effect" of a time delay. Figure 20 shows a possible scheme of the modulator proposed in [45]. 
Here, instead of an analyzer a long optically uniaxial crystal situated so that its optical Z axis is 
orthogonal to the direction of radiation and to the direction of polarization of the polarizer is used 
for purposes of bunching radiation. In the crystal a light ray, in correspondence with the laws of 
crystal optics, is broken up into two rays, the vectors of the electric field of which are 
respectively parallel and orthogonal to the optical axis. 

The rays in this case are not spatially separated, but their velocities of propagation are 
different. It is differences in the propagation velocities that lead to the development of a relative 
time delay, the magnitude of which can be calculated by the formula 

td l/c(n e -n 0 ), (2.14) 
where n e and no are the refractive indices of the bunching medium for extraordinary and ordinary 
rays; 1 is the path length of radiation in the bunching medium; c is the velocity of light in a 
vacuum. 

The length of the buncher is chosen on the basis of condition (2.14), from which we 
obtain after simple transpositions 

(2.15) 



1 — <TTT TT'Wn' 



2 {n 9 — *o) 

where X m is the wavelength of the modulating signal in vacuum. 
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5. Multielement amplitude modulators 

Similar to multielement phase modulators, it is also possible to create multielement 
amplitude modulators. A multielement amplitude modulator is a chain of successively positioned 
"elementary" amplitude polarization modulators. A scheme of such a device is shown in 
Figure 21, a. 



n 3 



r, 3 



1 




N 



Figure 21. Multielement amplitude modulator: 
a — positioning of modulators; b — amplitude characteristic: 
1 — optical radiation; 2 — polaroids; 3 — phase cells 



If all of the modulators in the scheme are identical, then the amplitude characteristic of 
this device will have the following form [46]: 



Key: 1 



-f- = sin w <D/2, 

* 0 

<T) rjie <D = n ^=- + 0)0. 

W "A/2 

Where 



(2.16) 



Here N is the number of "elementary" amplitude modulators; V m is the controlling voltage 
supplied to each modulator. Figure 21, b shows the amplitude characteristic of a multielement 
amplitude modulator. It can be seen from this figure that the amplitude characteristic has two 
sharply expressed segments having different steepness. 

For low oscillation amplitudes of the controlling voltage (V m ) formula (2.16) can be 
expanded at the point O = O 0 

y JL == sin^O,/2+ «?^oosOo/2.«ln^a> 0 /2 + .... (2.17) 

It follows from this that the use of a multielement scheme, if the working point is properly 
chosen, will make it possible to increase the steepness of modulation by a factor N. A 
shortcoming of such schemes is their complexity and significant optical losses. 
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6. Kerr liquid modulators (Kerr cells) 

While modulators in which linear electrooptical materials are employed have been used 
in practical terms over the last ten years, Kerr liquid modulators have been used for a long time. 
Interest in Kerr modulators arose in connection with the development of sound movies [47]. 
However, even today Kerr cells are widely used in various branches of science and industry. 
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Figure 22. Simplest Kerr modulator: 
1 — optical radiation; 2 — polarizer; 3 — container filled with electrooptical liquid; 4- 
5 — phase shifter; 6 — analyzer 



electrode; 



Let us look at some amplitude modulators that use the Kerr effect. Figure 22 shows a 
very simple scheme of a Kerr cell. It consists of a container with transparent planoparallel walls 
with a liquid (in most cases nitrobenzene), into which electrodes are inserted. The Kerr cell is 
positioned between crossed polarizer and analyzer. When the electric field is switched on the 
isotropic liquid becomes uniaxial with the triplet of refractive indices defined by formula (1.14). 

The phase characteristic of the Kerr cell has the following formula: 

O = O 0 + 2* ^BVl, (2-18) 

where 1 is the path length of light within the Kerr cell; B is the electrooptical constant; d is the 
distance between the electrodes; V m is the voltage of the controlling signal. 

The modulation characteristic in the case of crossed polarizers can be written in the 
following way: 

The form of this characteristic is shown in Figure 23. It can be seen from an examination of this 
figure that by the appropriate choice of the working point one can obtain both linear modulation 
as well as quadratic modulation. A shift of the working point is accomplished with the aid of dc 
voltage. It should be noted that the steepness of the characteristic increases as the working point 
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is shifted to the right with the aid of a large constant bias. In addition, the large constant bias 
makes it possible to linearize the characteristic of the modulator. 




Figure 23. Amplitude characteristic of Kerr modulator 




Figure 24. Mosaic Kerr modulator: 
1 — framework of modulator; 2 — controlling electrodes 



The amplitude characteristic of a Kerr modulator linearized by a large constant bias (V 0 ) 
takes on the form 

©^^.^.O..^. . (2.20) 



Key: 1 Where 
2 And 



In this expression the constant V 0 is the linearizing voltage. Practical use of the linearization 
method very often makes it possible to improve the characteristics of Kerr modulators 
significantly. The results of an experimental study of Kerr modulators in the low frequency range 
are given in [48-50]. 

An experiment on microwave modulation using a Kerr cell filled with carbon disulfide is 
discussed in [51]. Modulation was accomplished at frequencies of 3 and 6 GHz. 

Although liquid cells are significantly inferior in their characteristics to Pockels cells, 
electrooptical liquids are rather convenient working substances in a number of cases, in spite of 
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the low efficiency and low figure of merit. For instance, mosaic modulators, which are very 
difficult to make in a solid state variation, can be made relatively simply using electrooptical 
liquids. 




Figure 25. Electrooptical modulator using multiple reflection: 
1 — optical radiation; 2 — electrooptical liquid (nitrobenzene) 

The design of a mosaic modulator made of square cells is shown in Figure 24. The 
framework of the modulator, which is assembled of a conducting material, is grounded. The 
controlling voltages are supplied to central rods (control electrodes). 

The working volume of the modulator is filled with an electrooptical liquid, and the 
entire construction is placed between crossed polaroids. 

By supplying an electrical pulse to any controlling electrode, one can send a ray through 
one of the cells of the modulator. The cells of a mosaic modulator can have any shape. In 
principle, the cells can be any polygons with which a plane can be covered without gaps. Two 
other types of mosaic structures are given as examples in [52]. The first is based on an equilateral 
triangle, while the latter is a modulator that is a structure of the "honeycomb" type. 

In conclusion, let us look at the scheme of the modulator given in [53]. The electric field 
(Figure 25) is applied perpendicular to the plane of the drawing, and the ray is polarized parallel 
to the modulating field. The radiation is reflected from the glass-air interface, striking the 
boundary at an angle close to the angle of total internal reflection. Refracted rays are indicated 
by a broken line. The value of the angle of total internal reflection changes synchronously with 
the change of the modulating voltage, which leads to modulation of the intensity of the refracted 
rays or in the final count to modulation of losses at the interface. The effect is multiply amplified 
owing to the many reflections. The characteristic of the modulator is linear. 

Obviously such a modulator can also be constructed using linear electrooptical crystals. 

7. Modulators that use the Kerr effect in solid state 

Investigation of electrooptical modulators using the quadratic effect in solid state became 
possible because of recently achieved advances in the technology of growing single crystals of 
the perovskite group, which have a large quadratic electrooptical effect. 
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Figure 26. Simple solid-state Kerr modulator: 
-optical radiation; 2 — polarizer; 3, 3' — electrodes; 4 — single crystal; 5-analyzer 



If an electric field applied to a single crystal is oriented along one of the crystallographic 
axes, then the triplet of refractive coefficients will have the form (see Chapter I) 



(2.21) 



Key: 



7&y = tto'i 

rAe B ~ ~y nl — ^12) H n o' = no + -g- n 0 R lt E\ 

Where 
And 



Here the direction of radiation is perpendicular to vector E m . 

An optical scheme of a simple solid-state Kerr modulator has the form shown in 
Figure 26. 

As in liquid cells, the modulation characteristic has the form 

(2.22) 



x/a 

If the characteristic is linearized by a high constant bias V 0 , then 

vl 



Key: 1 Where 



77 = sin8 (^'^ + ~-^) 



(2.23) 
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The quadratic effect in single crystals of the perovskite group is unusually high [23], 
which is apparently connected with a significant dielectric constant. 



Modulators of this type were studied in [54,55,56]. Just as in the case of linear 
electrooptical modulators, modulation with the aid of perovskites is possible in a wide range of 
frequencies up to the microwave range (for example, the modulator discussed in [56] operated at 
a frequency of 0.5 GHz). The frequency factor, which played a significant role in the description 
of the linear modulators, must also be taken into account here. 

As indicated, for example, in [23,54], the value of the half-wave shift can be reduced to 
figures on the order of 10-100 V and even lower with the aid of a constant bias V 0 , which 
unquestionably makes solid-state Kerr modulators very promising. 

An interesting possibility [57] for increasing the path length of the light ray in the 
material of a modulator of this type while retaining small cell dimensions is revealed in the use 
of the modulator depicted in Figure 27. The path of the rays, which experience internal reflection 
within the single crystal of such a modulator, is shown in Figure 27, 1. 

A simple geometric calculation shows that the path length of the light ray (1) within this 
cell is equal to a 2 /b, where a and b are the geometric dimensions of the crystals shown in 
Figure 27. If d = b (where d is the thickness of the crystal), then the phase characteristic will 
have the formula 




Figure 27. Low volume cell with large path length: 
I — path of rays within low volume cell; II — design of cell: 
1,1' — electrode; 2 — electrooptical medium; 3 — inlet window 




(2.24) 



Key: 1 



Where 
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A light ray in this scheme passes through the entire volume of the crystal two times, 
while in ordinary modulators only a part of the volume of the electrooptical medium is used for 
modulation. 

If one takes into account the fact that the dielectric constant that is characteristic of 
perovskites is anomalously high (e ~ 10 3 -10 4 ), the savings in the volume of the medium can 
prove to be fairly significant. This significantly reduces the volume of the cell. A decrease of the 
characteristic volume at the same time as the possibility of lengthening the radiation path in the 
modulator makes it quite promising. 

As calculations show, if KTN single crystals are used, the value of the half-wave shift 
can be reduced to 3-10 V, which is two orders of magnitude below the half-wave shift in 
modulators using the linear electrooptical effect. Unfortunately, problems connected with 
growing sufficiently large and uniform single crystals of type KTN or BaTiC>3 are significantly 
holding back progress in the widespread technical use of solid-state Kerr modulators. 



